We recently reported that white preadipocytes phagocyte and kill micro-organisms, suggesting an active involvement of fat cells in host defence. Since characteristics of adipose tissues vary according to their localization, we measured the phagocytic capacity of stromal -vascular fraction (SVF) cells from different pads of white and brown adipose tissue in primary culture. RESULTS: The microbicidal activities of SVF cells in inguinal and epididymal white depots were similar, but much higher than in brown fat pad. Considering the whole pad, the highest cytotoxic potential was found in inguinal white adipose tissue (WAT) depot, whereas interscapular brown adipose tissue (BAT) showed an extremely low ability to kill micro-organisms. These differences might be mainly attributed to preadipocyte activities, with regard to the low content in resident macrophages identified by their expression of F4=80 antigen. CONCLUSIONS: Taken together these results suggest that the role as macrophage-like cells for cells of the fat stroma-vascular fraction, among which preadipocytes, is not negligible. This emphasizes the relationship existing between inflammatory and adipose cells. A differential responsiveness of adipose pads to infections and inflammatory situations due to the specific phagocytic ability of their SVF cells was thus proposed.
Introduction
Adipose tissues play a key role in energy homeostasis. Besides its function as a lipid-storing (white adipose tissue, WAT) or as an energy-dissipating tissue (brown adipose tissue, BAT), adipose tissues act also as endocrine=paracrine organs, secreting a wide variety of molecules. 1 This aspect became prominent through the cloning of leptin. 2 Among the secreted molecules, several reveal a putative link between fat tissue and the immune system. Indeed adipose tissues have been shown to synthesize and secrete various proteins involved in immune responses, such as different components of the alternative pathway of complement 3 -5 or cytokines such as tumor necrosis factor a (TNFa), 6 interleukine-6, 7 macrophage colony stimulating factor (M-CSF) 8 and macrophage migration inhibitory factor (MIF). 9 It is noteworthy that leptin itself is also a key regulator of inflammation. 10, 11 Recently, using CHIPS technology, Soukas et al demonstrated that leptin deficiency produces, in adipose cells, dysregulated expression of genes that generally function in response to infection and inflammation. 12 In addition to these data, we recently reported that both 3T3-L1 and rat primary preadipocytes display a high capacity of phagocytosis and microbicidal activity. 13 As in specialized phagocytic cells, ie macrophages, the microbicidal activity depends in part on reactive oxygen species (ROS). This allowed us to propose that preadipocytes act as macrophage-like cells and could be involved in inflammatory responses against pathogenic micro-organisms.
Adipose tissue exhibits particular features in terms of metabolism and gene expression depending on its location. For instance, subcutaneous WAT depots have a lower rate of lipid turnover than omental WAT pads.
14 In rats, oxidative metabolism, measured as cytochrome oxidase-specific activity, is higher in periovarian than in inguinal WAT but much lower than in interscapular BAT. 15 These regional variations at metabolic level are associated with differences in the pattern of adipose gene expression. 15 -18 The aim of the present study was to define the phagocytic capacity of SVF cells from different fat depots, compared to those exhibited by a population of professional phagocytic cells, the peritoneal macrophages.
Methods

Animals
Seven-week-old male CD1 mice were purchased from Harlan France, SARL. Animals were euthanazied in a CO 2 chamber and peritoneal macrophages were rapidly obtained by washing the peritoneal cavity with 4 ml of sterile phosphatebuffered saline (PBS). Inguinal and epididymal depots of WAT and interscapular BAT from each animal were dissected for stromal -vascular fraction (SVF) cell isolation.
Primary cell culture and phagocytosis studies Stromal -vascular cells were obtained from fat depots as previously described. 13 Briefly, adipose tissues were digested with 2 mg=ml collagenase in 2% albumin-containing DMEM:F12 medium for 30 min at 37 C. Digested tissues were filtered through a 25 mm nylon membrane to eliminate undigested fragments and centrifuged at 600 g for 10 min to recover SVF. Stromal -vascular cells were incubated for 5 min in haemolysis buffer (155 mM NH 4 Cl, 20 mM Tris pH 7.6) to eliminate red blood cells, and washed by centrifugation in DMEM:F12 medium. The number of isolated SVF cells was counted and their viability assessed by trypan blue exclusion.
For phagocytosis studies, 3Â10 5 SVF cells or 10 6 macrophages were seeded onto two-well glass slides (Labtek, Nalge Nunc Int.) in 1 ml of DMEM:F12 medium supplemented with 10% of newborn calf serum, 100 mg=ml panthotenic acid, 100 mM ascorbic acid, 16 mM biotin, 250 mg=ml amphotericin, 5 mg=ml streptomicyn and 5 U=ml penicilin (Life Technologies, France). After 2 h of culture, cells were washed twice with PBS to remove cellular debris and nonadherent cells and incubated overnight in supplemented medium until phagocytosis experiments. At that time, primary cultures were incubated with Candida parapsilosis (10 8 cells=ml) in supplemented medium without antibiotics in presence or absence of 500 U=ml superoxide dismutase (SOD) for 45 min. 19 Thereafter, cultures were extensively washed with PBS to eliminate non-phagocyted yeasts and stained with 0.01% acridine orange and 0.05% crystal violet for fluorescent microscopy examination. Phagocytic activity, phagocytic index and microbicidal activity were calculated as previously described. 19 Briefly, several fields on each spin were taken at random. Afterwards, the total cell number, the cells containing yeasts, the number of green (alive) or red (dead) yeast per cell were counted. The number of fields depended on the cell density on cytospins and was between 10 and 20. This resulted in counting more than 100 phagocyting cells per experiment and per deposit.
For each experiment (n ¼ 6), different fat pads (epididymal, inguinal and interscapular) from two to four mice were used and compared. In one experiment and for each fat pad, measurements were done in duplicates. The mean of these duplicates was then taken into account for calculation of the overall mean (Table 1) .
Immunocytochemistry
Isolated SVF cells from different fat depots and peritoneal macrophages were cytospined onto silanized glass slides and fixed in acetone at 720 C for 20 min. After removing endogenous peroxidase activity by incubating with peroxidase blocking reagent (Dako) during 10 min, immunocytochemistry was performed as previously described 13 using antibodies against F4=80, MOMA-2 (Cliniscience, France), AD3 (anti adipocyte=preadipocyte antibody) and A2COL6 (collagen VI a2 chain). F4=80 was used as a specific marker of mature macrophages and now, never detected on preadipocytes. MOMA-2 is expressed in all cellular phenotype belonging to monocyte=macrophage lineage but also in preadipocytes.
13 A2COL6 and AD3 were kindly provided by C Dani and R Martin, respectively. 20, 21 Anti-rat immunoblogulins (Dako) coupled to horseradish peroxidase (HRP) were used as secondary antibodies. HRP activity was revealed with AEC substrate-chromogen (Dako). Slides were counterstained with hematoxylin for 1 min. The cytotoxic potential of epididymal (EWAT) and inguinal (IWAT) white adipose pads and interscapular brown adipose pad (IBAT) was estimated as the product of total content in SVF cells in the depot, the phagocytosis activity, the phagocytosis index and the microbicidal activity. The cytotoxic potential is expressed as the total number of killed yeast per depot. Results are means AE s.e.m. of at least six independent experiments and the existence of statistically significant differences between depots is indicated by distinct lower-case letters (ANOVA and Tukey's test, P < 0.05).
Phagocytic activities of different fat pads JA Villena et al
Statistical analysis
Results were expressed as means AE s.e.m. The statistical significance of differences between means was evaluated using ANOVA followed by Tukey's test.
Results
Phagocytosis developed by SVF cells from different adipose depots was characterized by calculation of phagocytic activity, phagocytic index and microbicidal activity. Phagocytic activity, corresponding to the percentage of phagocyting cells in the primary culture, was higher in epididymal WAT (32% AE 2.3) than in inguinal WAT (20.3 AE 1.9) and interscapular BAT (20.3 AE 2.7; Figure 1A) . These values were much lower than the values observed in peritoneal macrophages in which over 97% of cells were found to phagocyte after incubation in the presence of yeasts.
The phagocytic index (average number of ingested yeast per phagocyting SVF cell) is shown in Figure 1B . The highest phagocytic index was found in inguinal WAT depot (19 AE 0.9), a value significantly higher than the phagocytic index found in SVF cells from other origins (15.3 AE 0.9 and 12.4 AE 0.8 for epididymal and BAT respectively) and even higher than that found in peritoneal macrophages. SVF cells from epididymal WAT and macrophages showed a similar phagocytic index (14.7 AE 0.8 and 15.3 AE 1.1 yeasts, respectively) whereas the phagocytic index of interscapular BAT was slightly lower (12.3 AE 2.3 yeasts) although not statistically significant.
In addition to their capability to phagocyte micro-organisms, SVF cells have also been shown to kill them. The staining used to visualize cultured preadipocytes and ingested yeast also allowed us to distinguish between alive (green) and dead (orange=red) Candida. The microbicidal activity ( Figure 1C) , expressed as the percentage of killed yeast per total ingested yeast, was similar in both WAT depots (19.8 AE 1.1 and 20.4 AE 1.5 for inguinal and epididymal, respectively) but much higher than in peritoneal macrophages (13.4 AE 1.7). In interscapular BAT this activity was three-fold lower (6.8 AE 2.0) than in WAT depots. The addition of SOD into the culture media had a different effect depending on the fat depot from which SVF was isolated. Indeed, whereas no effect could be detected in epididymal WAT and interscapular BAT SVF, nearly 40% of microbicidal activity of inguinal WAT SVF was lost in the presence of SOD. A more pronounced effect was seen in peritoneal macrophages ( Figure 1C) .
In order to evaluate the putative contribution of each adipose pad to micro-organism elimination, the capacity of the whole depots to kill Candida cells (cytotoxic potential) was estimated. This was calculated as the product of the phagocytic activity, the phagocytosis index, the microbicidal activity and the total content in SVF cells of each depot. As shown in Table 1 , the cytotoxic potential of inguinal WAT depot was nearly two-fold higher than in epididymal WAT 5 killed yeasts per pad respectively), in spite of its lower mass and phagocytic activity. It should be noted that the overall potential of interscapular BAT to kill Candida parapsilosis (0.6 AE 0.3Â10 5 killed yeasts per pad) appeared extremely low when compared to cytotoxic potential of WAT depots.
The heterogeneity in phagocytic capacity of SVF cells between the various adipose depots could reflect either differences in intrinsic activity of cultured preadipocytes present in SVF or differences in the resident macrophages content of SVF. We thus performed immunocytochemistry analysis using antibodies against A2COL6, AD3 and F4=80 or MOMA-2. The first ones are considered as preadipocyte markers whereas the second ones are specific markers of mature macrophages and monocyte -macrophage lineage, respectively. Antibodies against A2COL6 or AD3 labelled all the peritoneal macrophages (data not shown). This indicated they could not be used to distinguish monocyte=macroph-macrophage cells from preadipocytes. Results of immunocytochemistry with F4=80 or MOMA2 antibodies are shown in Figure 2 . The number of F4=80 expressing cells varied according to the origin of SVF, reaching 10% of total cells in inguinal SVF, whereas the percentage of expressing cells in the SVF of other depots was negligible. The relative number of SVF cells expressing MOMA-2 in all adipose depots was surprisingly high, ranging between 40 and 69%. The percentage of MOMA-2 expressing cells in SVF from BAT (37 AE 13%) was slightly lower than in WAT SVF, but this difference was not statistically significant.
Discussion
More and more data suggest a close link between adipose tissue and immune system. The present results clearly demonstrate that considering the whole fat pads, the cytotoxic potential of adipose tissue is not negligible and elicits important regional variations. That points out a dissimilar susceptibility of fat pads to infections or a different involvement in host defence. From this point of view, the role of WAT depots would be quantitatively more important than the interscapular BAT one, in regard of the very low total microbicidal capacity of this last one. Among white fat deposit, the cytotoxic potential of inguinal fat pad is more due to the very high content of stroma vascular cells than their intrinsic capability of them. For BAT, both parameters, low number of SVF cells and low phagocytic acitivity of these ones, are involved in its low capability.
The cytotoxic potential of the whole pads is determined by the particular characteristics in phagocytosis exhibited by their SVF, overriding their weight or content in SVF cells. Thus, cells from SVF present a different phagocytic capacity and microbicidal activity according to their origin. The percentage of phagocyting cells in SVF from the fat depot with higher phagocytic activity (epididymal WAT) was around 30% of total cells. Even if a great variability was found among individual experiments, this activity was relatively low compared to 3T3-L1 preadipocytes 13 or peritoneal macrophages phagocytic activity. This could be attributed to the heterogeneity of the primary culture. Indeed, SVF, from 
Phagocytic activities of different fat pads
JA Villena et al which primary culture was obtained, consists of a heterogeneous cell population composed not only of preadipocytes but also of fibroblasts, blood and endothelial cells. 22 Among the cells of the blood lineage, macrophages can be responsible for phagocytosis activity. In fact, the identification of macrophages from preadipocytes is difficult due to the great number proteins expressed by both cell types. It is noteworthy that the great number of common antigens could suggest a common lineage between preadipocyte and macrophage. Only the anti-F4=80 antibody, recognized as a marker of most mature macrophage populations, 23, 24 cannot be detected in clonal 3T3-L1 preadipocyte. F4=80 is a surface protein of unknown functions. For these reasons, we used F4=80 to number the resident macrophages. The percentage of F4=80 þ positive cells considered as resident macrophage in the different pads was quite different. For instance, it is 5-fold higher in inguinal compared to epidydimal fat pads. This difference in macrophage content is greatly amplified by the number of SVF cells per pads. Nevertheless, the relative low number of resident macrophages identified in this way in each adipose depot cannot explain the number of phagocyting cells. As we previously demonstrated that MOMA-2, a monocyte -macrophage marker, 25 is also expressed by 3T3-L1 preadipocytes, 13 the difference between MOMA-2 and F4=80 positive cells could correspond to adipocyte precursors. This interpretation agrees with the high expression detected in the SVF from WAT and BAT depots. Altogether these data argue in favor of preadipocytes as one of the main phagocyting cell population of SVF of fat. This suggests that these cells could be directly involved in inflammatory processes but their real contribution to host defence according to their location remains to be demonstrated. Another factor that could contribute to the differences in phagocytic activity of the SVF is the heterogeneity of the preadipocyte population constituting adipose precursor cells in various states of proliferation and differentiation. 26 This could be related to our previous work in which we demonstrated that phagocytic activity of 3T3-L1 preadipocyte cell line, representing a homogeneous population, depends on its proliferation state. 13 Phagocyting SVF cells from different origins exhibited particular features related to their phagocyting ability, such as the microbicidal activity or the phagocytosis index. Interestingly, BAT SVF cells exhibited a very low microbicidal activity with no effect of SOD on microbicidal activity indicating that brown and white preadipocytes possess different intrinsic activities.
The dismutation of O 2 7 catalysed by SOD results in increased levels of H 2 O 2 , which in turn may provide a source of OH Á or perferryl radical via an iron-catalysed Fenton reduction. 19 Killing inhibition of C. parapsilosis by SOD in inguinal SVF cells suggests that the generation of OH Á is not involved as previously concluded for macrophages. 27 The absence of SOD effect on microbicidal activity in inguinal pad is more intriguing. This could be related to difference either in macrophage content or in different preadipocyte anti-microbicidal properties according to localization.
Considering the adipose tissue mass and widespread distribution, even within major organs, the role of preadipocytes as macrophage-like cells could not be negligible. They could act, together with resident macrophages, as a first mechanism to control local infections before the recruitment of inflammatory cells from blood or to recognize the presence of pathogenic micro-organisms, triggering the secretion by mature adipose cells of immuno-regulatory molecules such as TNFa, leptin or other cytokines. This would be consistent with the observation that administration of LPS, the bacterial endotoxin lipopolysaccharide, induces the secretion of TNFa by adipose tissue. 28 Furthermore, LPS has been reported to induce leptin expression and secretion by adipose tissue 29, 30 and also to increase inducible NO synthase activity in adipose cells, in vivo and in vitro. 31 Leptin is a key modulator of immune responses whereas nitric oxide is a potent cytotoxic molecule implicated in antimicrobial and antitumor activities of immune cells. 32 Taken together, these data suggest that adipocytes and cells from SVF including preadipocytes and resident macrophages could exert in combination a critical function in immune defence.
The present data, as well as previous work, strongly support a role of adipose tissues in immune processes. This role seems different depending on the location and the nature of adipose tissues and suggests a different response capacity to inflammatory or immune stimuli.
